We provide a calculation of Pan-STARRS' ability to detect objects similar to the interstellar object 1I/2017 U1 (hereafter 'Oumuamua), including the most detectable approach vectors and the effect of object size on detection efficiency. Using our updated detection cross-section, we infer an interstellar number density of such objects (n IS ≈ 0.2 au −3 ). This translates to a mass density of ρ IS ≈ 4M ⊕ pc −3
INTRODUCTION
'Oumuamua was discovered by the Panoramic Survey Telescope and Rapid Response System (Pan-STARRS, Chambers et al. 2016) and was found to have a hyperbolic orbit (Williams 2017) with an eccentricity e = 1.1956 ± 0.0006 . Its incident velocity is too high to have originated as a cometary object deflected by close passage to a giant planet (de la Fuente Marcos & de la Fuente Marcos 2017) indicating 'Oumuamua is truly an interstellar object. The object's albedo and physical size give an absolute magnitude of H ∼ 22.1. Light curve analysis suggests an effective spherical radius of 102±4 m, an axial ratio of 10 : 1, and little to no cometary activity ).
INFERRED NUMBER DENSITY OF SUCH OBJECTS
We estimated the total volume from which Pan-STARRS could have seen 'Oumuamua during a typical operations period of MJD 58000-58079 ('Oumuamua was discovered on 58045). During this 80 day period 6600 "quad" (4× revisit) observations were examined for moving objects.
The calculation adopts an H magnitude of 22.1 1 , a velocity at infinity of 26 km/s, and a nominal phase function with slope parameter G = 0.15. The asteroid is allowed to have come from any direction and from both sides of the Sun, sampling every 9 deg 2 of the sky. For each quad observation and direction of approach, we compute the minimum and maximum distance that Pan-STARRS could have seen such an asteroid, and assume each Pan-STARRS observation covers 6 deg 2 . The tangential velocity with respect to the Earth causes substantial trailing losses. We optimistically assume that the detections are complete to the limiting magnitude, degraded by the additional background noise and the streak length, and cut off for angular velocities greater than 10 deg/day.
1 Meech et al. (2017) record a median H magnitude of 22.4 over a full rotational period. We use the detection magnitude from https://ssd.jpl.nasa.gov/horizons.cgi. -The 6600 Pan-STARRS quad exposures obtained between MJD 58000 and 58079 are projected in ecliptic z onto Earthorbit and Sun-opposition coordinates. The Sun is at (0,-1); color codes the number of visits. The domain of sensitivity forms a "candle flame" away from the Sun because of the phase function for asteroid illumination and reflection. The minimum and maximum distances are set by the tangential velocity and limiting magnitude, averaged over all possible directions of approach.
We then project this truncated cone back to infinity along the assumed orbit and average the resulting volume over all approach directions. Figure 1 illustrates where Pan-STARRS could have detected a similar interstellar object.
The Pan-STARRS detection process is not 100% efficient over the full 6 deg 2 and streak length of ∼20 arcsec, resulting in a smaller surveyed volume and a larger inferred number density. Losses include failure to trigger on a streaked object, streaks that encounter "chip gaps" and do not generate enough detections to be flagged, failure to link detections, and insufficient detections and follow-up to determine an orbit. The limit of 10 deg/day used in the calculation above is the limit for candidate detections to be linked, for example, and the use of 6 deg 2 instead of the 7 deg 2 of detector area attempts to address the loss from "chip gaps".
In order to explore the detection efficiency, we re-ran the simulation with a limit of 5 deg/day and found a volume that is 0.75 of the 10 deg/day limit. When we use a 10 deg/day limit but require that at least one spot on a streak statistically deviate above the limiting point source magnitude, the calculated volume is 0.65 of nominal. A proper assessment would require Pan-STARRS to do a detailed Monte Carlo study of simulated streaks inserted into raw images and probability of detection. For the purposes of this study we simply caution that we are probably over-estimating the detection efficiency by a factor of 1.3-2 and therefore under-estimating the density of interstellar objects. However, we regard the statistical uncertainties from a single detection in 3.5 years to be more significant.
The outer contour of the "candle flame" in which Pan-STARRS is sensitive to an object of this size has a cross section that is ∼4 times larger than obtained by this projected volume calculation. Pan-STARRS loses efficiency because not all exposures have full sensitivity and also because Pan-STARRS revisits the entire volume about once per month, but the crossing time for a typical trajectory is about 10 days.
A number of interesting results emerge from this calculation.
The most detectable direction of approach of an asteroid is directly from behind the Sun; ground-based surveys are unlikely to see an interstellar object on approach. Figure 2 shows the distribution of detection volume as a function of initial approach angle. The most probable direction of approach is from the direction of the Sun because that direction has a bigger cross section for asteroids to bend around and pass into the visibility volume (gravitational focusing). Values are enhanced to the east because approach from that direction tends to align with the Earth's orbital velocity when the orbit passes into the Pan-STARRS detection volume.
The detection volume scales as v
∞ from gravitational focusing and v
+1
∞ from impingement rate). If there were a significant population of interstellar objects with a velocity near that of the Sun they would be much more detectable than 'Oumuamua , so the velocity distribution of interstellar objects is more likely to reflect the local standard of rest rather than the Sun's motion.
The detection volume scales crudely as the cube of the size of the object, but with significant deviations. It increases as D 2 at kilometer sizes because the Pan-STARRS visibility stretches to distances where the Sun's illumination diminishes, and it goes as D 4.5 at small sizes because the angular velocity is too high at the close distances where the asteroid is detectable. The Pan-STARRS volume surveyed per year is given by
where Detection rate divided by the rate that a survey covers volume is a measure of the cumulative number density of interstellar objects down to the detection diameter Figure 3 shows the inverse of the total volume surveyed by Pan-STARRS during its 3.5 year mission to illustrate the estimated cumulative number density of interstellar objects at least as large as 'Oumuamua .
Using inverse volume for the cumulative number density is an underestimate that depends on how steeply the cumulative distribution falls at large sizes. The cumulative distribution for the number density of interstellar objects as a function of size must be steeper than n(d > D) ∝ D −3 since the total mass of cannot diverge at large sizes. Inverse volume underestimates the true cumulative number by a factor of
α , so the inverse volume is at most a 40%
underestimate. Because of the curvature of the survey volume as a function of size, for any broad, smooth distribution 'Oumuamua has the most probable size that Pan-STARRS could detect. The total volume for 6600 quads and 80 days is 0.3 au 3 . Since Pan-STARRS has been operating in this search mode for 3.5 years, this implies a total survey volume of 5 au 3 at this size. One detection over this time implies a mean density of 0.2 au −3 or ∼ 2 × 10 15 pc −3 .
IMPLICATIONS OF NUMBER DENSITY
The interstellar objects may come from a combination of different sources. The total number of ejected bodies required of a single source N ej and the corresponding ejected mass M ej are smallest when n src is as large as possible. As an upper limit we consider all stars as contributors to the density of interstellar objects. Assuming a stellar number density of ∼ 0.1 pc −3 each star must account for over 10 16 ejected bodies. We can also formulate the amount of ejected material as a total amount of mass ejected with some assumptions of the object's size and density. The total amount of ejected mass per system will be inversely proportional to the number density of the progenitors n src , and directly proportional to the density of material ρ. With a precise size distribution we would be able to calculate the aggregate volume of interstellar objects based on the abundance of ∼ 100 m objects. However, with only a single detection the size distribution is undetermined. For an order of magnitude estimate, we assume the volume of 'Oumuamua is average for the interstellar population (effective spherical radius of 102 m). Combining these parameters, we arrive at an equation for the amount of mass each system must eject to produce the calculated number density of 'Oumuamua like objects n IS
We are implicitly assuming an isotropic and homogeneous distribution of objects. In §3.1 & 3.2 we review possible ejection mechanisms and their effect on Eq. 3.
3.1. Scenario I: Mass Ejection During Planet Formation Rocky objects similar to 'Oumuamua are thought to be ejected from the inner solar system in the early stages of the planet formation process (Gaidos et al. 2017; Portegies Zwart et al. 2017) . Since protoplanetary disks can comprise a few percent of the star's mass (Williams & Cieza 2011) , our figure of ∼ 5 M ⊕ seems believable. However, several considerations undermine the feasibility of populating the interstellar number density of 'Oumuamua like objects through this method:
• The significant driver for disk mass loss is photoevaporation (Alexander et al. 2014) • Gravitational processes are only efficient at mass ejection in systems with giant planets (Armitage 2011) . Observations place the abundance of star systems hosting at least one Jupiter-sized or larger planet at f d ∼ 0.1 (Wittenmyer et al. 2016 ) where f d is the fraction of systems that are considered "disruptable". Multi-star systems and close stellar passages in clusters may increase the abundance of disruptable systems but likely not to more than f d = 0.15, reducing n src proportionally.
• The entirety of the planetesimal disk will not be ejected into the ISM during this process. Some of the mass will remain behind to form asteroid belts, terrestrial planets, or outer solar system structures.
With this in mind we take the ejected fraction of planetesimal material to have a fiducial value of f e ∼ 0.8.
Accounting for the reduced abundance of disruptable systems and the imperfect ejection efficiency, the necessary mass of the planetesimal disk approaches
which exceeds all estimates of our solar system's planetesimal disk by an order of magnitude. Unless the planetesimal disk mass grows faster than the initial mass function, more massive stars having more massive planetesimal disks do not alleviate this issue. Mass ejection during planet formation seems insufficient to populate the density of 'Oumuamua like objects.
Scenario II: Mass Ejection By Oort Cloud Freeing
In addition to the planet formation process, stars also eject mass into the ISM during the transition off of the main-sequence (Raymond et al. 2017) .
Larger stars ending in core-collapse supernovae over half their mass in a relatively short time span, liberating or vaporizing all bound objects. Kuiper belt objects are likely destroyed in the supernova but Oort cloud objects are distant enough to survive. Exposure to the supernova will remove volatiles from the surface of these Oort cloud objects and release them into the surrounding ISM. However, supernovae are rare, so even if an entire Oort cloud is dried and released with every supernova this method falls short of matching the observed interstellar number density.
Considering intermediate mass stars with 2−8M , the transition though the asymptotic giant branch (AGB) phase also results in significant mass-loss. The mass-loss rate is insufficient for the release of all circular orbits, however, a large fraction of Oort cloud objects are released (Veras et al. 2011) . Fig. 4 from Veras et al. (2011) illustrates the instability percentage for objects at various orbital distances around intermediate-mass stars. The Oort cloud's number density and size distribution have been topics of debate for as long as the Oort cloud hypothesis has existed (for reviews see Dones et al. 2004; Rickman 2014; Dones et al. 2015) . Direct observation of objects in the proposed Oort cloud region is difficult due to the distances involved. Comets injected from the Oort cloud into the inner solar system by gravitational perturbations imply a reservoir of some ∼ 10 12 ∼ 2 km sized objects in the inner Oort cloud (3 000 au < a < 20 000 au, Kaib & Quinn 2009) and some ∼ 10 11 in the outer Oort cloud (a > 20 000 au , Heisler 1990; Brasser & Morbidelli 2013) . By scaling the population of km scale objects using a collisional cascade distribution which fol- Dohnanyi 1969) , we estimate the number of bodies with a diameter greater than 200 meters N D>100m ∼ 2.5 × 10 15 .
The authors recognize that extrapolation along the same collisional cascade distribution ignores the variation of material strength with size (O'Brien & Greenberg 2003) , but this order of magnitude estimate demonstrates the feasibility of unbound Oort clouds producing a significant population of interstellar objects.
If exo-Oort clouds resemble our own, and if some nontrivial fraction f o of every Oort cloud is lost to the ISM (we take a fiducial value of f o = 0.6), then this mode of mass ejection alone could account for
We find it inescapable that any Oort cloud like our own will be released at the end of a star's main-sequence lifetime. The number density of released objects approaches the one implied by the detection of 'Oumuamua . Thus, the progenitor of 'Oumuamua might be a white dwarf. Long period comets demonstrate that the Oort cloud does have icy materials, however this does not imply the Oort cloud is made only of icy materials. Manx objects (tailless comets) point to the existence of inner solar system material that was scattered to the Oort cloud (Meech et al. 2016) . Without the typical cometary activity of long period comets, these Manx objects are difficult to detect, but not impossible. Pan-STARRS and other allsky surveys report roughly a dozen per year (Hainaut et al. 2017) . The ratio of rocky to icy material in the Oort cloud is thought to be ∼ 10 −4 − 10 −2 depending on the model (Walsh et al. 2011; Izidoro et al. 2013; Shannon et al. 2015; Weissman & Levison 1997; Levison et al. 2015) . Therefore Oort cloud objects cannot become interstellar objects directly without some surface drying mechanism.
The lack of a detected icy interstellar body implies that these unbound Oort cloud objects must have developed a crust thick enough to limit the sublimation of volatiles to match the ratio of rocky to icy bodies derived in equation 7. Jewitt et al. (2017) introduced the concept of cosmic ray exposure forming a crust on the surface of 'Oumuamua and subsequently expanded upon by Fitzsimmons et al. (2017) which included supernovae as a possible mechanism for surface volatile removal. Indeed, if supernovae or extended cosmnic ray exposure can form a crust on the surface of these liberated Oort cloud objects thick enough to prevent sublimation of volatiles at a few au from the Sun, this could be a direct source of dry, interstellar bodies.
Yet the issue with drying interstellar objects through these mechanisms is timing. Unless 'Oumuamua is much older than our solar system, it has experienced roughly the same amount of cosmic ray exposure as the active comets in our solar system. If cosmic rays removed all of the volatiles from 'Oumuamua , we would expect the same of these comets, yet this is observationally not the case. Instead, 'Oumuamua may have been within "frying" distance of a supernova. An object located 10 4 au from a Type II supernova releasing ∼ 10 9 L over 10 days experiences the same amount of incident energy as 1 Myr of cosmic ray exposure. In clusters, a single supernova can cook exo-Oort clouds of multiple stars simultaneously, perhaps creating a reservoir of future dry, insterstellar objects.
CONCLUSION
We have presented a thorough calculation of the number density of interstellar objects implied by the detection of 'Oumuamua by Pan-STARRS. Many aspects of 'Oumuamua are both intriguing and troubling, the derived number density of 0.2 au −3 implies there are likely several of these objects in the inner Solar System at any given time. Comparing the cross section of Pan-STARRS to that of the Earth, we should expect one of these interstellar interlopers to hit the Earth every ∼ 30 Myr.
We have shown that the odds of detecting an object on an incoming orbit are significantly lower than detecting one from the opposite side of the Sun due to gravitational focusing effects. Thus, we should expect that the majority of interstellar objects will have passed perihelion by the time they are observed. Additionally, 'Oumuamua is roughly the size of most likely detection for Pan-STARRS. Our calculations make generous assumptions about Pan-STARRS' survey capability potentially resulting in an overestimated survey volume and an underestimated interstellar density.
The final issue regarding 'Oumuamua like objects is the mass ejection rates needed to litter the ISM with them. Dry, rocky bodies can be ejected during planet formation, but we have shown that the rate of mass ejection exceeds current predictions of inner solar system planetesimal disk mass, at least for Sun like stars. Unless the Sun has very few planetesimals compared to other stars, integrating across the range of stellar masses is unlikely to help.
Additionally, an alternative method of mass ejection, Oort cloud freeing, may be able to produce the requisite ISM number densities. However, this ejection source requires some crust-generation mechanism since observational limits on interstellar cometary objects are quite stringent. Objects like 'Oumuamua are 1 000 times more common than icy ones. If further study of the Oort cloud reveals a wealth of small rocky bodies this may not be an issue.
With only one detection any inferred rate carries intrinsic uncertainty. Perhaps the arrival of 'Oumuamua was a fluke, perhaps these interstellar objects do not have a homogeneous and isotropic distribution ("interstellar meteor showers"), or perhaps this is simply the first detection of many. Regardless, any hypothesis concerning the source of interstellar objects must satisfy Eq. 3 and explain the dry surface of 'Oumuamua . The next detection of an interstellar interloper will shed more light on the nature of such objects in the ISM and their progenitors.
